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Abstract 
 Pterygoplichthys is a genus of related suckermouth armoured catfish native to 
South America that has invaded tropical and subtropical regions worldwide. 
Physiological features, including an augmented resistance to organic xenobiotics, 
may have aided their settlement in foreign habitats. The liver transcriptome of 
Pterygoplichthys anisitsi was sequenced and used to characterize the diversity of 
mRNAs potentially involved in the responses to natural and anthropogenic 
chemicals. In total, 66,642 transcripts were assembled. Among the identified 
defensome genes, cytochromes P450 (CYP) were the most abundant, followed by 
nuclear receptors (NR), sulfotransferases (SULT) and ATP binding cassette 
transporters (ABC). A novel expansion in the CYP2Y subfamily was identified, as 
well as an independent expansion of the CYP2AAs. Two expansions were also 
observed among SULT1. Thirty-nine transcripts were classified into twelve 
subfamilies of NR, while 21 encoded ABC transporters. The diversity of defensome 
transcripts sequenced herein could contribute to this species resistance to organic 
xenobiotics. 
 
Keywords: RNA-Seq; P450; SULT; ABC transporters; Nuclear Receptors   
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1 Introduction 
Pterygoplichthys is a genus of suckermouth armoured catfish (Siluriformes: 
Loricariidae) native and abundant in rivers from South America (Lujan et al., 2015). 
Due to its popularity in the international aquarium trade, followed by intentional or 
accidental releases, different Pterygoplichthys species (e.g.: P. anisitsi, P. pardalis 
and P. disjunctivus) have established invasive populations in tropical and subtropical 
regions throughout the globe (Bijukumar et al., 2015; Chavez et al., 2006; Gibbs et 
al., 2013; Jumawan et al., 2011; Jumawan and Herrera, 2015; Nico et al., 2009). 
These invasive populations date back to the late 1950’s, threaten endangered native 
species and reach densities two orders of magnitude greater than the native fish 
biomass (Capps and Flecker, 2013; Courtenay et al., 1974; Nico et al., 2009). 
Apart from the lack of natural predators, Pterygoplichthys spp. are known to 
have several distinctive features that might aid their rapid establishment in non-
native habitats (Douglas et al., 2002; Ebenstein et al., 2015; Geerinckx et al., 2011; 
German and Bittong, 2009; Harter et al., 2014; Jumawan and Herrera, 2015; 
Villalba-Villalba et al., 2013). Among these features, the modified stomach of 
loricariid catfishes allows the absorption of oxygen through a well documented air-
breathing behavior, making these species highly resistant to hypoxia (da Cruz et al., 
2013). In fact, according to da Cruz et al. 2013 and CETESB, 2010, P. anisitsi is the 
only fish species able to survive in a river with extremely low O2 concentration and 
poor water quality for sustaining aquatic life (CETESB, 2010; da Cruz et al., 2013).  
Moreover, Pterygoplichthys anisitsi has been shown to be more resistant than 
other fish species (e.g. Tilapia, Oreochromis niloticus) to biodiesel, showing no 
mortality upon exposure to 6.0 mL.L-1 during 15 days (Felício et al., 2015; Nogueira 
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et al., 2011b). The molecular mechanisms underlying P. anisitsi resistance to organic 
xenobiotics have not been established. However, the cytochrome P450 1A (CYP1A) 
from Pterigoplichthys spp. and some species of the closely related genus 
Hypostomus has been shown to possess amino acid substitutions that alter their 
substrate specificities, resulting in undetectable or extremely low ethoxyresorufin-O-
deethylase (EROD) activity in the liver of these fishes (Felício et al., 2015; Nogueira 
et al., 2011a; Parente et al., 2015, 2014, 2011, 2009). Among Vertebrates, this is an 
aberrant phenotype of a crucial detoxification enzyme known to take part, for 
example, in the activation of pre-mutagenic toxins that could potentially be involved 
in the elevated resistance of P. anisitsi to biodiesel. 
The aim of this study is to obtain a genome-wide view of the capacity of P. 
anisitsi to handle xenobiotic chemical exposure. This was made possible by the 
generation of a valuable genetic resource through the sequencing, assembly, and 
annotation of this species’ liver transcriptome. The assembled transcripts were used 
to infer the mitochondrial genome and the molecular biodiversity of candidate 
mRNAs for proteins potentially involved in the resistance of this non-model and 
invasive species to organic toxins.  
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2 Material and Methods 
 
2.1 Fish sampling 
Liver tissue preserved in RNAlater (Life Technologies), from three individuals 
of suckermouth armoured catfish (Pterygoplichthys anisitsi, Loricariidae) collected in 
the vicinities of Jabuticabal, São Paulo, Brazil, were kindly donated by Prof. Eduardo 
Almeida from the São Paulo State University (UNESP). Fish handling was carried 
out in accordance with relevant guidelines and approved by the Ethics Committee, 
as described elsewhere (Felício et al., 2015). RNA was extracted using either Trizol 
(Invitrogen) or TRI Reagent (Life technologies) following manufacturer instructions. 
Briefly, small pieces of tissue were homogenized in Trizol or TRI Reagent using a 
polytron (T10 Basic ULTRA TURREX, IKA). The homogenate was incubated on ice 
for 5 min, and then centrifuged for 10 min at 12,000g at 4°C. The supernatant was 
transferred to another 1.5mL RNase-free and DNase-free plastic tube, in which 
chloroform was added, vigorously mixed, kept on ice for 15min, and centrifuged for 
10 min at 12,000g at 4°C. The aqueous phase was transferred to another tube, 
mixed with isopropanol, kept on ice for at least 10 min, and centrifuged for 10 min at 
12,000g at 4°C. The supernatant was removed and the RNA pellet was washed 
three times by centrifuging for 2 min at 7500 g at 4°C with 75% ethanol, and 
dissolved in ultrapure RNase-free water. After extraction, the RNA preparations were 
quantified using a BioDrop ulite spectrophotometer (Biodrop). RNA quality was 
evaluated using the kit RNA 6000 Nano for Bioanalyzer (Agilent). 
 
 
 Page 6 
 
2.2 Library preparation and Illumina sequencing 
Libraries of complementary DNA (cDNA) for each individual fish were 
prepared using 1000 ng of total RNA strictly following the instructions of the TrueSeq 
RNA Sample kit v2 (Illumina). Each of the three libraries was uniquely identified 
using specific barcodes. The quality of library preparations was accessed using the 
DNA 1000 kit for Bioanalyzer (Agilent). Libraries were quantified by qPCR using the 
Library quantification kit for Illumina GA with revised primers-SYBR fast universal 
(Kapa Biosystems). The three libraries were clustered, using the TrueSeq PE Cluster 
kit v3 for cBot (Illumina), in the same lane together with six other samples used in 
other projects. The 100bp paired-end sequencing reaction was performed in a 
HiSeq2500 using the TrueSeq SBS kit v3 (Illumina). 
 
2.3 Transcriptome data analyses 
Raw Illumina data were demultiplexed using the BCL2FASTQ software 
(Illumina). Reads were trimmed for Illumina adaptors by Trimmomatic (Bolger et al., 
2014) and read quality was evaluated using FastQC (Babraham Bioinformatics). 
Only reads with PHRED score > 30 were used for the transcriptome assembly. Raw 
read data of suckermouth catfish liver transcriptome was deposited at the National 
Center for Biotechnology Information (NCBI) Short Read Archive (SRA) under the 
accession number of SRR3664326 (single-end) and SRR3664270 (paired-end). This 
Transcriptome Shotgun Assembly project has been deposited at 
DDBJ/EMBL/GenBank under the accession GETR00000000. The version described 
in this paper is the first version, GETR01000000. 
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2.4 Transcriptome assembly and annotation 
Cleaned reads from the three individual fish were combined and used for the 
de novo assembly of Pterygoplichthys anisitsi transcriptome using the default 
parameters of Trinity r20131110 (Grabherr et al., 2011; Haas et al., 2013). During 
the analyses a new Trinity version (2.0.6) was released. The total numbers of 
assembled transcripts, BLAST hits, and defensome entries were similar using both 
versions. The Trinotate pipeline was used to achieve a comprehensive functional 
annotation and analysis (http://trinotate.github.io). 
 
2.5 Mitochondrial genome assembly and annotation 
Mitochondrial genome was assembled using the mitochondrial transcripts 
sequenced in the liver transcriptome, following an approach described elsewhere 
(Moreira et al., 2015). Briefly, mitochondrial transcripts were retrieved by running a 
BLASTN search against the mitogenome of the closest related species with a 
complete mitogenome available, Pterygoplichthys disjunctivus (NC_015747.1) 
(Nakatani et al., 2011). Mitochondrial transcripts were edited according to the 
information of strand orientation given by the BLASTN result, and aligned with 
SeaView using the built-in CLUSTAL alignment algorithm and the mitogenome of P. 
disjunctivus (Gouy et al., 2010). The sequence of each CONTIG was manually 
checked for inconsistencies and gaps. The mitogenome was annotated using the 
web-based services MitoFish and MITOS (Bernt et al., 2013; Iwasaki et al., 2013). In 
order to estimate the support of each base in the mitogenome, Bowtie v. 1.0.0 was 
used to align the reads on the assembled mitogenome. The aligned reads were 
 Page 8 
viewed using the Integrated Genome Viewer (IGV) or the Tablet (Langmead et al., 
2009; Milne et al., 2009; Robinson et al., 2011; Thorvaldsdóttir et al., 2013). 
 
2.6 Defensome gene curation 
The assembled transcriptome was subjected to a BLASTX search (E-value < 
1e-10) against two databases, the UniProt entries of humans (Homo sapiens), and 
the Uniprot entries of zebrafish (Danio rerio). All the transcrips that had a BLASTX hit 
with a gene related to the chemical defensome (Goldstone et al., 2006) were 
retrieved for further analysis. 
The retrieved transcripts were aligned to the sequence of their BLASTX top hit 
with SeaView using the built-in CLUSTAL or MUSCLE alignment algorithm and 
manually edited to infer the predicted coding sequence (CDS) (Edgar, 2004). The 
full-length and the partial CDS transcripts that covered >75% of their BLASTX top hit 
complete CDS were used for phylogenetic analysis. Only defensome gene families 
with > 15 components were used to build phylogenetic trees. For the construction of 
phylogenetic trees, the sequences were translated in amino acid, aligned using 
Muscle and reconstructed using maximum likelihood (PhyML or RAxML algorithm), 
using the LG model of amino acid substitution optimized for invariable sites and 
across site rate variation. Branch support was calculated by the approximate 
likelihood-ratio test (aLRT), using a local computer, and after 1000 bootstrap 
replicas, using CIPRES Supercomputer  (Anisimova and Gascuel, 2006; 
Felsenstein, 1985; Guindon and Gascuel, 2003). The phylogenetic trees were 
viewed and edited using FigTree (v1.4.2) (http://tree.bio.ed.ac.uk/software/figtree/). 
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3 Results and discussion 
3.1 Transcriptome assembly and annotation 
 A total of 60,604,159 100-bp, paired-end reads and 58,617,873 100-bp, 
single-end reads were generated using Illumina HiSeq2500 technology. After 
trimming the reads to remove adaptor sequences and after selecting for high quality 
sequences (Phred score > 30), 177,354,428 reads were used for transcriptome 
assembly using Trinity (Table 1). In total, 66,642 transcripts were assembled, with a 
N50 of 1,571bp and an average contig length of 865bp. The BLASTX against Danio 
rerio entries in Uniprot resulted in 28,190 hits (E-value < 1e-10). The median 
sequencing depth for the P. anisitsi transcripts with BLASTX hit was 13x (average = 
646x), and 13% of these transcripts had depth higher than 100x, while 54% were 
sequenced at a depth higher than 10x (Table 1, Figure 1). The medium ratio 
between P. anisitsi transcript length to the CDS length of its D. rerio BLAST top hit 
(coverage ratio) was 0.9 (average = 1.1), and 47% of these transcripts were longer 
than their homolog CDS (Table 1, Figure 1). The coverage ratio could often be 
higher than 1 because for this calculation the entire sequenced transcript was used 
for P. anisitsi, while for D. rerio only the complete CDS length was used. Frequently, 
the P. anisitsi transcript include the 5’ and the 3’UTR regions, and also unspliced 
introns.  
 
Figure 1 around here 
 
Transcriptome annotation was also performed using Trinotate, which used the 
BLASTX algorithm against the general database of Swissprot and Uniref90. Homo 
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sapiens was the most frequent species of the BLASTX top hits, followed by Mus 
musculus, Rattus norvegicus, Danio rerio and Pongo abelii (Supporting 
Information Fig. S1). Only 73 entries had a Siluriformes fish as the species of the 
BLASTX top hit. Moreover, 66 of those Siluriformes entries were from a single 
species, the American channel catfish (Ictalurus punctatus). These results contrast 
with other published transcriptome analysis of fish species that used BLASTX 
against the NCBI Non-redundant (Nr) database, reflecting the underrepresentation of 
Siluriformes sequences on more well curated databases (Ali et al., 2014; Zhenzhen 
et al., 2014).  
 The transcripts were further classified functionally according their gene 
ontology (GO) and EggNog IDs. In total, 24,377 Trinity ‘genes’ had an associated 
GO term and 12,225 an EggNog term. Of those, there were 10,166 unique GOSlim2 
terms and 2,480 unique EggNog terms. Among the transcripts with an assigned GO 
term, 51% were classified into the Biological Processes category, 29% into Cellular 
Components, and 20% into Molecular Functions (Supporting Information Fig. S1). 
The top five GOSlim2 terms for each of the three GO categories were: metabolism 
(20%), nucleobase, nucleoside, nucleotide and nucleic acid metabolism (8%), 
biosynthesis (6%), cell organization and biogenesis (6%) and development (6%) for 
Biological Processes; cell (31%), intracellular (26%), cytoplasm (14%), nucleus (8%) 
and plasma membrane (3%) for cellular components; and binding (30%), catalytic 
activity (13%), protein binding (10%), nucleic acid binding (7%), hydrolase activity 
(5%) for molecular function (Supporting Information Fig. S1). Most of the 
transcripts with an assigned EggNog term were classified into the ‘General function’ 
prediction or into the Function ‘unknown classes’. Two other EggNog categories had 
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> 1,000 entries; Signal transduction mechanisms (1,358 entries) and 
Posttranslational modification, protein turnover, chaperones (1,078 entries) 
(Supporting Information Fig. S1).  
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3.2 Mitochondrial genome assembly and annotation 
 In order to retrieve mitochondrial transcripts, a BLASTN search of the 
transcriptome of P. anisitsi was performed against the two mitogenomes of 
Loricariidae species available at the time, Pterygoplichthys disjunctivus  
(NC_015747.1) and Hypostomus plecostomus (NC_025584.1) (Liu et al., 2014; 
Nakatani et al., 2011). In total, 10 transcripts had high score E-values (E-value < 1e-
10). These transcripts were aligned to the P. disjunctivus reference mtDNA, covering 
96.2% of it, with an average depth of 7,516x, and leaving only six gaps with length 
varying from 10 to 290 nucleotides, which together sum 632 nucleotides 
(Supporting Information Table S2). Four of these six gaps had sequences identical 
between P. disjunctivus and H. plecostomus, two sister genera, and were most likely 
to be conserved also in P. anisitsi. The sequences of the other two gaps (11,734-
11,905 and 15,498-15,788) differed by only a single nucleotide between the 
mitochondrial genome of P. disjunctivus and H. plecostomus. The unique features of 
the mitogenome of P. disjunctivus not sequenced in the mitogenome of P. anisitsi 
were six transfer RNAs (tRNAs), tRNA-Val, tRNA-Leu, tRNA-Ser, tRNA-His, tRNA-
Pro and tRNA-Thr (Figure 2). Among all the 15,889 aligned bases, the mitochondrial 
genome of Pterygoplichthys anisitsi differs from that of P. disjunctivus by seven 
(Supporting Information Table S2), and by 24 nucleotides from the mitogenome of 
H. plecostomus. 
 This is the sixth published mitogenome of a member of Loricariidae, a family 
with more than 800 valid species (Lujan et al., 2015). Apart from the two Loricariidae 
mitogenomes mentioned above, three other (from Hypoptopoma incognitum, 
Accession: KT033767, from Ancistrus spp., Accession: KP960569, and from the 
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endangered species Hypancistrus zebra, Accession: KX611143.1) have recently 
been published by our group (Magalhães et al., 2016; Moreira et al., 2016, 2015).  
 
Figure 2 around here 
 
3.3 DEFENSOME GENES 
 The transcripts for which the BLASTX top hit was a gene involved in cellular 
defense against toxic chemicals were retrieved from the transcriptome. The gene 
families that comprise the chemical defensome were selected according to the 
classification of Goldstone et al. (Goldstone et al., 2006) and are shown in the 
Supporting Information Table S3. This support table also shows the terms used in 
the searches, the number of retrieved components of the P. anisitsi transcriptome 
after the BLASTX search against UniProt database for human and zebrafish, as well 
as the total number of entries for both reference species. The retrieved transcripts 
were edited and annotated. The coding sequence (CDS) of transcripts encoding for 
complete CDS of their top BLASTX hits were used as queries for a second round of 
BLASTX of the P. anisitsi transcriptome.  
 The defensome transcripts retrieved after the second round of BLASTX were 
manually curated. After this process, 558 components identified in the P. anisitsi 
transcriptome coded for a defensome gene. For some defensome gene families (e.g. 
Cytochromes P450), this number seems to be higher than expected. However, many 
of these raw counts are likely to represent fragments of the same transcript and, 
therefore, could collapse and merge as more genetic information on this species 
become available. The 183 transcripts coding for a complete coding sequence 
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(CDS) and at least part of the 5’ and 3’ untranslated regions (UTRs) should be a 
better estimate of the real number of defensome genes in the genome of this catfish 
(Table 2 and Supporting Information Table S4). Cytochromes P450 (CYP), with 
43 complete CDS, was the most abundant gene family found in the hepatic 
transcriptome of P. anisitsi, followed by sulfotransferases (SULT) with 33 complete 
CDS, nuclear receptors (NR) with 32 complete CDS and ATP binding cassette 
(ABC) transporters with 21 complete CDS. The identification codes for the transcripts 
covering the complete CDS for all the defensome genes and the ones covering > 
75% of the CDS of CYP, NR, SULT and ABC transporters are shown on Supporting 
Information Table S5. Three fragments of AHR gene were identified to align with 
high percentage identity and E-values to distinct regions of AHR2, with Danio rerio 
and Carassius auratus the two most frequent species of the BLASTX hits. 
Additionally, full-length or nearly full-length transcripts encoding ARNT1, ARNT2, 
BMAL1 (ARNT-Like 1), and BMAL2 (ARNT-Like 2) were sequenced. Partial 
sequences encoding NF-E2 and NFE2-Like 1 (NRF1) were also identified, but there 
were no transcripts identified encoding a NRF2 homolog.  
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3.4 Cytochromes P450 
 Cytochromes P450 (CYP) are an ancient superfamily of genes found in all 
domains of life. CYP genes code for enzymes involved both in the metabolism of 
endogenous compounds and in the biotransformation of xenobiotics. An astonishing 
(and still fast growing) diversity of CYP genes has been described (Nelson et al., 
2013). Recent analysis of vertebrate genomes reveals that the number of CYP 
genes in those species range from 50 to more than 100 (Kirischian et al., 2011). In 
this study, 159 distinct CYP transcripts were detected in the liver transcriptome of P. 
anisitsi, in addition to four cytochrome P450 reductases (POR). Forty-seven of those 
transcripts contains more than 75% of the coding sequence of a cytochrome P450, 
several with the adjacent 5’ and 3' UTRs. Identical CDSs with distinct UTR regions 
are shown in Table 3.  
 Transcripts containing > 75% of the complete CDS of a BLASTX top hit were 
subjected to phylogenetic analyses. CYP51 from human (NM_000786.3), D. rerio 
(NM_001001730.2) and P. anisitsi were used to root the trees, resulting in eight well-
supported clades (Figure 3). The CYP2 family represented 55% of the CYP 
transcripts, and was the most abundant family. According to a recent analysis of 
CYP2 phylogenetic and functional diversity in vertebrates, 14 CYP2 subfamilies have 
been identified in Actinopterygian species and most vertebrate species are expected 
to have between 12 and 20 CYP2 genes (Kirischian et al., 2011). We obtained the 
complete CDS for 25 CYP2 genes in P. anisitsi, which were classified into six 
subfamilies.  
Our phylogenetic analysis of CYP2 genes conforms to the one published by 
Kirischian et al., 2011, except for the placement of CYP2AA. CYP2U is a basal 
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CYP2 subfamily that led to the divergence of two major CYP2 clades (Figure 3). 
One of these clades is composed of multiple genes in a CYP2Y subfamily, having 
CYP2M at the base. We detected 12 distinct complete CDS of CYP2Y transcripts in 
P. anisitsi. Differences among these transcripts varied from two amino acids, 
between CYP2Y#2 and CYP2Y#3, to 90 amino acids, between CYP2Y#3 and 
CYP2#11. The exact number of correspondent genes cannot be determined, but this 
might represent a large expansion of this subfamily, which in zebrafish is composed 
by only one member. Likewise, in this and other similar cases below, numbers were 
assigned to each transcript only to discriminate them in the context of this 
manuscript and does not reflect an official nomenclature. As for the CYP2M, its 
distribution was restricted to a salmonid species (Yang et al., 1998). Recently, 
however, a CYP2M sequence was reported in Ictalurus punctatus (Liu et al., 2012). 
In this study, we have identified an isoform of CYP2M in P. anisitsi. Interestingly, 
CYP2M was not found in the genome of zebrafish (Danio rerio), which is more 
closely related to the Siluriformes species (superorder Ostariophysi) than to 
salmonids (superorder Protacanthopterygii). According to (Kirischian et al., 2011), 
the CYP2M subfamily is a sister group of all mammalian CYP2 genes, except for the 
CYP2W subfamily. 
 The other major CYP2 clade shows a second bifurcation. One branch is 
composed of genes in the CYP2AA subfamily, which was recently described in the 
zebrafish genome. While zebrafish has 10 CYP2AA genes (Kubota et al., 2013), 
eight paralogs were sequenced in the liver transcriptome of P. anisitsi. The number 
of amino acid changes among P. anisitsi CYP2AAs varied from eight, between 
CYP2AA#3 and CYP2AA#4, to 201, between CYP2AA#1 and CYP2AA#7. 
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Interestingly, our phylogenetic analysis suggests that the expansion of this subfamily 
occurred independently in both fish species. The other branch is a multi-subfamily 
agglomerate, in which two isoforms of CYP2AD and one of CYP2Z were identified 
(Figure 3). 
  
Figure 3 around here  
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3.5 Sulfotransferases (SULT) 
 The sulfotransferases (SULT) are cytosolic enzymes able to catalyze the 
sulfonation of a vast array of endogenous and xenobiotic molecules (James and 
Ambadapadi, 2013). Humans have 13 SULT genes classified into four subfamilies, 
SULT1, SULT2, SULT4 and SULT6 (Lindsay et al., 2008). The SULT1 subfamily is 
the most diverse, with eight genes (SULT1A1-4, SULT1B and SULT1C2-4). The 
other subfamilies of human SULT have just a single gene. In zebrafish (Danio rerio), 
20 SULT genes have been identified (Kurogi et al., 2013). SULT3 and SULT5 are 
subfamilies found in zebrafish, but absent in humans. As in humans, zebrafish 
SULT1 is the most diverse subfamily, with nine genes, followed by SULT3 with five, 
SULT2 with three and SULT4, SULT5 and SULT6 with one gene each. The 
zebrafish SULT1 genes follow a distinct nomenclature, ranging from SULT1st1 to 
SULT1st8. We have identified 67 transcripts that code for SULT enzymes. Among 
those transcripts, 36 covered > 75% of the sequence of a SULT protein deposited in 
UniProt database for human or zebrafish. The phylogenetic relationships of P. 
anisitsi SULTs with their homologs from Homo sapiens, Danio rerio, and Ictalurus 
punctatus were further investigated (Figure 4).  
 Two clusters of SULT1 genes were observed in the P. anisitsi transcriptome, 
one more closely related to human SULT1As, and another to zebrafish SULT1st6 
and Ictalurus punctatus SULT1C1 (Figure 4). Three distinct SULT1A CDS from P. 
anisitsi clustered together as a sister group of the clade formed by another P. anisitsi 
SULT1A CDS, one isoform of I. punctatus, and most of zebrafish SULT1st 
transcripts (SULT1st1-4, 7, 8). The three P. anisitsi SULT1As were encoded by 12 
transcripts, each one having an unique 3’UTR, one or two amino acids differences in 
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their CDS, and two distinct 5’UTR (Table 3). The more distal P. anisitsi SULT1A 
differed from the others by up to 91 amino acids. The other SULT1 cluster in P. 
anisitsi is formed by six distinct complete CDS (coded by seven transcripts) forming 
a monophyletic clade with the I. punctatus SULT1C1 and the zebrafish SULT1st6 
(Table 3, Figure 4). Differences among these transcripts range from a single to 20 
amino acids. Basal to this clade is the zebrafish SULT1st5. However, the 
classification of all the transcripts in this clade as SULT1C is controversial as the 
three SULT1C transcripts from human form a sister clade to all other SULT1s. 
Moreover, results indicate the zebrafish SULT1 transcripts are paraphyletic, with 
SULT1st5 and SULT1st6 being more closely related to the Siluriformes SULT1Cs 
than to the others zebrafish SULT1st sequences, which in turn are more similar to 
the SULT1As from human and Siluriformes. In fact, the SULT1st5 from zebrafish is 
located on chromosome 23 and SULT1st6 is located on chromosome 12, while all 
others SULT1st are located on chromosome 8 (Kurogi et al., 2013). The 
chromosomal location of the SULT1st genes from zebrafish corroborates our 
phylogenetic analysis, which does not support the current nomenclature of SULT1 
genes in zebrafish. The fish specific subfamily SULT3 was also expanded in P. 
anisitsi; 14 transcripts were sequenced, 13 different complete CDS, two distinct 
5’UTR and seven 3'UTR. P. anisitsi SULT3 clustered together with the single isoform 
known for I. punctatus and with the four isoforms of zebrafish. 
 
Figure 4 around here  
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3.6 Nuclear Receptors (NR) 
 Nuclear receptors (NR) constitute a superfamily of genes that encode proteins 
involved in triggering cellular, and ultimately organismal, responses to a diverse 
range of environmental stimuli. Structurally, NR are composed by two conserved 
domains: the DNA binding domain (DBD) located at the central part of the protein, 
and the ligand-binding domain (LBD) at the C-terminal region (Cotnoir-White et al., 
2011). The sequence of the DBD is more conserved across the seven NR 
subfamilies than the sequence of the LBD. Variations inside the LDB are responsible 
for the specificity of each NR for their ligands, while variations in the DBD distinguish 
the location where the NR binds to the DNA, triggering distinct responses of gene 
expression. Among the NR ligands are endogenous compounds (e.g. steroid 
hormones, vitamin D, retinoic acid and thyroid hormones) and several xenobiotics, 
as for example: phenobarbital and rifampicin (Pascussi et al., 2008; Xie and Evans, 
2001).  
 Most of the 32 transcripts that code for the complete CDS of nuclear receptors 
in the transcriptome of P. anisitsi have a close homolog in zebrafish. The NR of P. 
anisitsi were classified into twelve subfamilies; NR0B, NR1A, NR1B, NR1F, NR1C, 
NR1D, NR1H, NR2A, NR2B, NR2F, NR3A and NR5A (Figure 5). Notably, a 
homolog of NR1I2 (PXR) was sequenced but not included in further analyses as this 
sequence was only 208 nucleotides long. This fragment, however, shows 66% 
identity of its inferred amino acid sequence and an E-value of 6e-22 with the zebrafish 
homolog. DNA binding domains of P. anisitsi’s NR1B1, NR1C3, NR2A1, NR3A1 and 
NR5A2 are absolutely conserved in comparison to their homolog in zebrafish, while 
the others have only a few amino acid substitutions. The NR0B transcripts of P. 
 Page 21 
anisitsi, as the NR0B from other species, lack the conventional DBD of nuclear 
receptors.  
Ligand binding domains are slightly different between NRs in P. anisitsi and 
their homologs in other species. Among the most divergent NR sequences are 
NR2Bs (RXRs). P. anisitsi NR2B1 has a 14 amino acid long deletion in the LBD in 
relation to its zebrafish ortholog (Supporting Information Fig. S6). Three distinct 
CDS and LBD were found for P. anisitsi NR2B2 (Figure 5), each of those coded by 
two transcripts with different UTR regions. P. anisitsi NR2B2#3 differ from its 
zebrafish ortholog by only four amino acids. However, P. anisitsi NR2B2#1 has a 14 
amino acid long deletion in the same position as the deletion in NR2B1, while 
NR2B2#2 has an insertion of 11 amino acids in this region (Supporting Information 
Fig. S6). Different UTR regions were found for a same CDS of six NR isoforms 
(Table 3). 
 
Figure 5 around here 
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3.7 ATP Binding Cassette (ABC) transporters 
 Membrane transporters are crucial to maintain constant over time the electro-
chemical gradients across the biological membranes. Active transporters use cellular 
energy to move molecules in and out of the cell, and through its compartments. ATP 
Binding Cassette (ABC) transporters hydrolyze ATP to power the transport of ions, 
nutrients, metabolites and xenobiotics against their concentration gradient (Rees et 
al., 2009). ABC transporters forms a monophyletic superfamily of genes classified 
into eight subfamilies according to the sequence similarity at one of its structurally 
conserved regions, the ATP-binding domain, also known as the nucleotide-binding 
domains (NBDs) (Dean and Annilo, 2005; Liu et al., 2013).  
  We have sequenced 113 transcripts for which the top BLAST hit was an ABC 
transporter. Of those transcripts, 21 had a complete CDS including nucleotides at the 
5’ and 3’ UTR, and 23 coded for > 75% of their BLAST top hit complete CDS (Table 
2). A single CDS with two distinct UTR regions was found for ABCB2 and for ABCD3 
(Table 3). For comparison, 50 ABC transporters genes were recently identified in the 
genome of another Siluriformes species, Ictalurus punctatus (Liu et al., 2013) and 
also in the marine medaka (Jeong et al., 2015), while zebrafish have 57 (Liu et al., 
2013), and humans have 49 ABC transporter genes (Vishwakarma et al., 2014). The 
20 P. anisitsi unique transcripts coding for > 75% CDS belongs to seven subfamilies; 
two ABCA isoforms, five ABCB, three ABCC, two ABCD, two ABCE, two ABCF and 
four ABCG (Figure 6). Our phylogenetic analyses are in accordance with those 
published before for I. punctatus (Liu et al., 2013).  
 As in other vertebrate species, members of subfamilies ABCD and ABCG 
code for half transporters, with a single NDB, while ABCB subfamily members have 
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either half (ABCB3) and full (ABCB11, with two NDBs) transporters, and the other 
ABC subfamilies code for full transporters. ABCE and ABCF are unique among 
ABCs as these subfamilies possess two NBD, but no transmembrane domain (TMD) 
and are, therefore, not functional as transporters proteins (Dean and Annilo, 2005). 
Similar to other vertebrates, no transmembrane domain was observed in P. anisitsi 
ABCE and ABCF isoforms. In comparison to the sequences in zebrafish, the ABC 
signature was modified in three transcripts: ABCB3, ABCB3-like and ABCD4. 
However, when compared to I. punctatus the ABC signature was modified only in the 
sequence of ABCB3, from LSSGQ in I. punctatus to LSAGQ in P. anisitsi. 
 
Figure 6 around here  
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4 Conclusion 
The liver transcriptome of P. anisitsi was characterized, its mitogenome was 
assembled and the diversity of a large number of candidate genes involved in this 
species’ resistance to organic contaminants was analyzed. A wide diversity of 
transcripts encoding enzymes involved in xenobiotic detoxification, especially of 
CYPs and SULTs, was found at the liver of P. anisitsi, which could contribute to this 
species resistance to organic xenobiotics. Further studies are being conducted to 
evaluate the modulation of these defensome genes by xenobiotics, and also to 
characterize the catalytic activity of the encoded proteins toward foreign chemicals. 
The raw Illumina reads and the assembled transcriptome are available for expanded 
analyses, and provide a valuable genomic resource for future studies ranging from 
gene discovery and molecular phylogenetics to control of invasive populations and 
molecular ecology. Indeed, during the final review of this manuscript a draft genome 
of the related species Pterygoplichthys pardalis was released along with the 
annotated genome of the channel catfish, Ictalurus punctatus (Liu et al., 2016). The 
genomic data provided by Liu et al., 2016 together with the transcriptomic data 
provided here can now be used in an iterative process to extend our findings on the 
diversity of defensome genes in this important group of fish. 
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Data Accessibility 
 
Illumina reads are deposited at the NCBI Sequence Read Archive (SRA) under the 
accessions: SRR3664270 for paired-end reads, and SRR3664326 for single-end 
reads. Assembled transcriptome is deposited at the NCBI Transcriptome Shotgun 
Assembly (TSA) under the accession: GETR00000000. Mitochondrial genomes are 
deposited at NCBI GenBank under the accession: KT239003, KT239004 and 
KT239005. NCBI BioProject ID: PRJNA324853. NCBI Biosample: SAMN05216828  
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Table 1: Summary of Pterygoplichthys anisitsi liver transcriptome sequencing 
and annotation. 
 
Total	sequencing	reads	 	179,826,191		
Reads	after	QC	 	177,354,428		
Transcrispts	assembled	 	66,642		
Transcript	length	(bp)	
	max	 	10,849		
min	 	201		
average	 	865		
median	 	456		
n50	 	1,571		
Transcripts	with	blastx	hit	
	Uniprot	-	Zebrafish	(Danio	rerio)	 	28,190		
Uniprot	-	Human	(Homo	sapiens)	 	24,498		
eggNOG	 	12,225		
GO	 	24,377		
Sequencing	depth	(x)	
	average	 	646		
median	 	13		
Transcripts	sequenced	at	depth	≥	
(%)	
	10x	 	54		
100x	 	13		
Danio	rerio	coverage	ratio	(%)	
	average	 	110		
median	 	88		
Transcripts	with	coverage	ratio	≥	1	 	47		
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Table 2: Number of sequenced components in the hepatic transcriptome of P. 
anisitsi with complete coding sequence (CDS), >75% of the CDS, >50% of the CDS 
and the total number of contigs for each defensome gene family.  
 
 
Coverage 
 
 
Full 
length 
>75% 
CDS 
>50% 
CDS 
Total 
Contigs 
AHR & ARNT 1	 3	 6	 10	
Aldo Keto Reductase 5	 9	 9	 10	
ATP Binding Cassette 
(ABC) 21	 23	 30	 113	
Basic leucine zipper 2	 2	 3	 3	
Catalase 1	 1	 1	 1	
Cytochrome P450 43	 47	 63	 159	
Epoxide hydroxylase 2	 2	 2	 8	
Glucuronosyltransferase 6	 8	 8	 22	
Glutatione Peroxidase 5	 6	 8	 11	
Glutatione-S-transferase 10	 12	 12	 13	
n-acetyl-transferases 10	 13	 13	 15	
Nuclear receptor 32	 42	 67	 107	
Sulfotransferases (SULT) 33	 36	 60	 67	
Superoxide desmutase 2	 5	 5	 5	
Thioredoxins (TXN) 3	 9	 11	 14	
Total 176	 218	 298	 558	
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Figure 1: Ratio of Pterygoplichthys anisitsi transcript length to Danio rerio 
homologs plotted against P. anisitsi transcript sequencing depth. Defensome 
transcripts are highlighted in red. The total length of each the 28,190 P. anisitsi 
transcripts with a BLASTX hit against in Danio rerio Uniprot entries was divided by 
the length of the CDS of its homolog, and plotted against the average sequencing 
depth (calculated by dividing the sum of the length of all reads aligned to a transcript 
by its total length). 
 
Figure 2: Mitochondrial genome of Pterygoplichthys anisitsi. Green blocks 
represent ribosomal RNA, red ones protein coding genes, and the ones in blue 
tRNAs. Black circles indicate the tRNA not sequenced in P. anisitsi mtDNA. Black 
arrows the approximate region of the six gaps, which coincide to areas with no reads 
in the log-scale graphic of the reads mapped against the mitogenome showed below. 
Colored bars indicate heteroplasmic sites. 
 
Figure 3: Maximum-likelihood phylogeny of Pterygoplichthys anisitsi cytochromes 
P450 and homologs. The tree is rooted on CYP51. Sequences of P. anisitsi are 
shown in red. Expansions of CYP2Ys and CYP2AAs are highlighted in gray. 
Bootstrap values are shown on each node (1000 replicates). The translated amino 
acid sequences were aligned using Muscle and the tree was constructed using 
RAxML with the LG model for amino acid substitution optimized for invariable sites 
and across site rate variation. Ps=Pterygoplichthys anisitsi; Pte=Pterygoplichthys 
sp.; Anc=Ancistrus sp.; Cor=Corydoras sp.; Hs=Homo sapiens; Dr=Danio rerio; 
Ip=Ictalurus punctatus. Gis are shown in Supporting Information Table S5. 
 
Figure 4: Unrooted maximum-likelihood phylogeny of Pterygoplichthys anisitsi 
sulfotransferases (SULT) and homologs. Sequences of P. anisitsi are shown in red. 
Bootstrap values are shown on each node (1000 replicates).  The translated amino 
acid sequences were aligned using Muscle and the tree was constructed using 
RAxML with the LG model for amino acid substitution optimized for invariable sites 
and across site rate variation. Ps=Pterygoplichthys anisitsi; Hs=Homo sapiens; 
Dr=Danio rerio; Ip=Ictalurus punctatus. Gis are shown on Supporting Information 
Table S5. 
 
Figure 5: Unrooted maximum-likelihood phylogeny of Pterygoplichthys anisitsi 
nuclear receptors (NR) and homologs. Sequences of P. anisitsi are shown in red. 
Bootstrap values are shown on each node (1000 replicates). The translated amino 
acid sequences were aligned using Muscle and the tree was constructed using 
RAxML with the LG model for amino acid substitution optimized for invariable sites 
and across site rate variation. Ps=Pterygoplichthys anisitsi; Hs=Homo sapiens; 
Dr=Danio rerio; Ip=Ictalurus punctatus. Gis are shown in Supporting Information 
Table S5. 
 
Figure 6: Unrooted maximum-likelihood phylogeny of Pterygoplichthys anisitsi ATP 
Binding Cassete (ABC) transporters and homologs. Sequences of P. anisitsi are 
shown in red. Bootstrap values are shown on each node (1000 replicates). The 
translated amino acid sequences were aligned using Muscle and the tree was 
constructed using RAxML with the LG model for amino acid substitution optimized 
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for invariable sites and across site rate variation. GIs are shown on Supporting 
Information Table S5. 
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Pterygoplichthys anisitsi 
Amino acid transport and metabolism  
Carbohydrate transport and metabolism  
Cell cycle control, cell division, chromosome partitioning  
Cell motility  
Cell wall/membrane/envelope biogenesis  
Chromatin structure and dynamics  
Coenzyme transport and metabolism  
Cytoskeleton  
Defense mechanisms  
Energy production and conversion  
Extracellular structures  
Function unknown  
General function prediction only  
Inorganic ion transport and metabolism  
Intracellular trafficking, secretion, and vesicular transport  
Lipid transport and metabolism  
Nuclear structure  
Nucleotide transport and metabolism  
Posttranslational modification, protein turnover, chaperones  
Replication, recombination and repair  
RNA processing and modification  
Secondary metabolites biosynthesis, transport and catabolism  
Signal transduction mechanisms  
Transcription  
Translation, ribosomal structure and biogenesis  
Supplemental material 3: Nucleotide pairs and gaps between the 
mitochondrial genome of Pterygoplichthys anisitsi and P. disjunctivus.   
 
 P. disjunctivus 
A C G T 
P. anisitsi 
A 5229 0 4 0 
C 0 4449 0 1 
G 1 0 2412 0 
T 1 0 0 4423 
Gaps 1023-1119; 8789-8799; 11734-11905; 14357-14381; 
15498-15788; 16481-16512 
Protein Family Number of hits in Pterigoplychthys anisitisi transcriptome against Number of entries in UniProt database for
Term used in the search Zebrafish DB Human DB Zebrafish Human
subfamily ABCA abca (ALL) 20 20 37 114
subfamily ABCB abcb (ALL) 22 17 26 120
subfamily ABCC abcc (ALL) 14 25 30 75
subfamily ABCD abcd (ALL) 8 8 9 31
subfamily ABCDE abce (ALL) 3 3 4 14
subfamily ABCDF abcf (ALL) 4 4 7 25
subfamily ABCG abcg (ALL) 8 6 23 40
cytochrome P450 cytochrome p450 26 86 73 315
glutathione-S-transferases glutathione s-transferase 2 9 16 98
sulfotransferases sulfotransferase 93 102 109 182
UDP-glucuronosyl transferases udp*glucuronosyltransferase (*com espaço e com hífen) 30 9 73 122
N-acetyl transferases n-acetyltransferase 3 12 14 108
aldo-keto reductases aldo-keto reductase 2 3 2 29
epoxide hydrolases epoxide hydrolase & EPHX 2 2 1 10
NAD(P)H-quinone oxidoreductases nad(p)h quinone oxidoreductase 0 0 0 2
superoxide dismutases superoxide dismutase ; NOT copper chaperone 3 3 9 34
catalases catalase 1 1 5 5
glutathione peroxidase glutathione peroxidase 11 11 19 46
thioredoxins thioredoxin 9 28 16 130
aryl hydrocarbon receptor aryl hydrocarbon receptor 4 6 15 82
aryl hydrocarbon receptor nuclear translocator aryl hydrocarbon receptor nuclear translocator 2 4 6 37
nuclear receptor nuclear receptor 18 68 64 305
pregnane-X-receptor pregnane x receptor 1 0 3 1
constitutive androstane receptor constitutive androstane receptor 0 0 0 9
peroxisome proliferator-activated receptors peroxisome proliferator*activated receptor (espaço e hífen) 6 7 8 32
liver-X-receptor liver x receptor 0 0 0 4
farnesoid-X- receptor farnesoid x receptor 0 3 0 1
erythroid-derived 2 erythroid-derived 2 ; erythroid 2-related 3 3 4 7
basic-leucine zipper basic leucine zipper 3 3 12 51
TOTAL 298 443 585 2029
CDS Sequences
CYP2AA 8 8
CYP2Y 12 13 CDS#1	has	two	seqs
CYP5A 1 2
CYP27A 3 7 CDS#2	has	four	seqs
NR1C2 1 2
NR1F 2 4 each	CDS	has	two	seqs
NR1H3 1 2
NR2B2 3 6 each	CDS	has	two	seqs
NR2F 2 3 CDS#1	has	two	seqs
NR3A2 1 2
ABCB2 1 2
ABCD3 1 3
SULT1A 4 13 CDS#3	has	two	seqs;	CDS#2	has	nine	seqs
SULT1C 6 7 CDS#1	has	two	seqs
SULT3A 13 14 CDS#2	has	two	seqs
Number	of
Remarks
Alignment: /Users/thiagoparente/Dropbox/PEER Project/Resultados/Bioinformatica/ptery_defensome_sequences/FISHES/Pterygoplichthys/coding_sequences/Nuclear Receptors/All_NR/E-domain_NR2B.fasta
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